This study statistically examined the relationships between the motion of a tropical cyclone (TC) and its ambient flow, stratifining the TC with reference to the longest radius (LR) and maximum sustained wind (MSW). TC motion, MSW, and LR were derived from the best track datasets compiled by the Regional Specialized Meteorological Center (RSMC) Tokyo -Typhoon Center. The environmental flow was estimated by averaging reanalyzed wind data (JRA25/JCDAS) between 1000 to 300 hPa over areas within a radius of 300, 400, and 500 km from the TC center. It was found that TCs with larger LRs or more intense MSWs are more likely to move to the northeast relative to the ambient wind. This preference for northeastward migration was confirmed when only TCs in the subtropical zone (20°N−30°N) were sampled. The bias of northeastward migration was found to be robust when components with wavelengths less than about 12° latitude-longitude were filtered from the total environmental wind field.
Introduction
Tropical cyclones (TCs) develop over tropical or subtropical oceans with warm sea surface temperatures, and the western North Pacific (WNP) basin is an area of major TC activity. The TC observed there is called typhoon. TCs are generally accompanied by heavy rainfall and intense winds, causing severe disasters almost annually in eastern Asian regions, including Japan. Therefore, considerable effort has been expended in improving TC forecasting to mitigate disaster risks.
According to the Japan Meteorological Agency (JMA), discrepancies between forecasted and actual tracks of TCs have been reduced significantly over the previous few decades, and the annual mean positional error was less than 100 km for a 24-hour forecast in 2014. Such a remarkable improvement has been achieved by developments in numerical weather prediction models, data assimilation techniques, and the coverage of high-quality observational data by satellites and aircraft. For example, Burpee et al. (1996) and a subsequent study Tuleya and Lord (1997) showed that additional observations, together with a sophisticated model and data assimilation system, can improve TC forecasting significantly. However, better forecasting of TC tracks does not necessarily guarantee better understanding of TC migration mechanisms. Numerical weather prediction models still generate some prediction errors concerning TCs, regardless of model improvements, and the causes of such prediction errors remain poorly understood (e.g., Yamaguchi et al. 2012) .
TC motion has been investigated in a number of previous studies through comparisons of TC tracks and environmental winds, and it is commonly accepted that TC motion is controlled primarily by the surrounding larger-scale wind field (e.g., Velden and Leslie 1991; Franklin et al. 1996) . Accordingly, such ambient winds are termed the TC "steering flow". However, a TC is not just transferred passively by environmental winds. For example, the strong winds associated with a TC effectively advect high and low planetary vorticity on the western and eastern sides of the cyclone, respectively. As such, a pair of counter-rotating gyres, referred to as β-gyres, develops on either side of the TC, and these β-gyres cause TCs to be advected in a northwest direction, a phenomenon known as β-drift. Such non-linear interactions between a TC vortex and earth's vorticity gradient were proposed in the context of a simple non-divergent barotropic model (e.g., DeMaria 1985; Chan and Williams 1987; Fiorino and Elsberry 1988; Li and Wang 1994) . In support of this, observational studies have noted that TC tracks are deflected slightly to the left of the steering flow (e.g., Brand et al. 1981; George and Gray 1976; George and Gray 1977; Chan and Gray 1982; Carr and Elsberry 1990; Franklin 1990 ). Moreover, Franklin et al. (1996) found vorticity asymmetries around TCs that strongly resembled β-gyres. Therefore, the existence of the β-drift of TCs is recognized both theoretically and practically, although it is highly difficult to identify the β-drift for each individual TC.
Through the numerical simulation of a TC without any ambient wind, DeMaria (1985) and Chan and Williams (1987) found that higher maximum wind speeds and a larger TC radius accentuated the northwestward β-drift of a TC. However, a much-idealized (non-divergent barotropic) model was used in their simulations, and to the best of our knowledge, there are currently no studies verifying such effects on β-drift in the real atmosphere, although the influence of TC intensity has been examined by Carr and Elsberry (1990) . The present study explored the relationships between TC motion and steering flow, in association with the maximum wind speed and radius of TCs, to deepen our understanding of TC migration mechanisms.
The remainder of the paper is organized as follows. In Section 2, the data and methodology adopted for the analysis are briefly described. The relationships between TC migration velocity and ambient wind are shown in Section 3, and possible mechanisms are discussed in Section 4. The results are summarized in Section 5.
Data and methodology
The present study used a best track dataset over the WNP basin, compiled by the Regional Specialized Meteorological Center (RSMC) Tokyo -Typhoon Center. The dataset includes the position of the TC center, its central pressure, size, grade, maximum sustained wind (MSW), longest radius (LR) and orientation of the LR (symmetricity) every 6 hours, covering the period from 1951 to the present. The TC information is based on the analysis with full utilization of meteorological data such as those from various surface observations, satellite products from geostationary and polar-orbiting satellites (including scatterometer-derived wind data) and Numerical Weather Prediction (NWP) outputs (Kishimoto et al. 2013 ). In the RSMC best track data, MSW is defined as the maximum speed of the average wind over 10 minutes anywhere within the TC, and LR represents the longest radius of the area of winds of 15 m s −1 (or 25 m s −1
). In the present inves- (850−500 hPa) had a greater effect on TC migration than the winds in the lower and upper levels (not shown). Nevertheless, the most remarkable agreement was found when the winds were averaged vertically over a deeper layers (1000−300 hPa), which is consistent with the results of Franklin et al. (1996) .
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Figure 1 . It should be also noted that there are a greater number of points in the upper-left domain (the second quadrant) than in other areas. This indicates that TCs have a bias to move to the northwest relative to the ambient wind direction. This bias is robust, regardless of the radius (300, 400, or 500 km) used to estimate the steering flow (not shown), and would reflect the β-drift of the TC.
To examine how the bias of TC motion is influenced by TC radius, the samples are stratified into four classes with reference to the LR of a TC (Fig. 2a) . It is again found that TCs are most likely to move to the northwest relative to the direction of the steering flow for all classes. On the other hand, it should be noted that the fraction of TCs that head in the northeast direction (relative to the direction of the steering flow) increases, as the LR increases. Furthermore, TCs with larger LRs are less likely to move in the southeast or southwest direction, although for migration in the northwest direction no remarkable tendencies are found in terms of the LR stratification.
To clarify the relationship between TC motion and steering tigation, we employed the MSW and LR based on a wind speed of 15 m s −1 as proxies of the maximum wind speed and radius of the TC, respectively. TC velocity (V T ) was estimated approximately from its sequential 6-hourly positions in the zonal and meridional directions. When a TC approaches Japan, the time interval between the data lines becomes shorter (every 3 hours). However, here, 6-hourly positions were used to calculate TC speed for consistency of data quality.
The steering flow of a TC was calculated from reanalysis data (JRA25/JCDAS; Japanese 25-year Reanalysis/Japan Climate Data Assimilation System). JRA25/JCDAS covers a period of 35 years, from 1979 to 2013. The temporal and horizontal resolutions are 6-hourly (0000, 0600, 1200, and 1800 UTC) and 1.25°, respectively. Further details are described by Onogi et al. (2007) . The reanalysis data at 0300, 0900, 1500, and 2100 UTC were obtained by using the linear time interpolation to match the nominal time of V T data.
The horizontal winds of JRA25/JCDAS were integrated between 1000 and 300 hPa on each grid, and normalized by the mass between these two levels. Thus, the mass-weighted mean wind (V m = (u m , v m )) can be expressed as: u u dp dp m = ∫ ∫ 1000 300 1000 300
and v v dp dp m = ∫ ∫ 1000 300 1000
300
, where u and v are the zonal and meridional components of the horizontal winds, respectively. Here, the mass-weighted mean wind was averaged horizontally over grids within a radius of 300, 400, or 500 km from the center of the TC, which were denoted
, respectively. These vertically and horizontally averaged winds were defined as the TC steering flow in the present study.
Previous investigations have noted that mid-level winds are most critical to TC movement (e.g., 500−700 hPa in Chan and Gray 1982) . To check the sensitivity of the selection of the vertical layer, vertical mass-weighted averages were calculated for three sublayers: 1000−850, 850−500, and 500−300 hPa, and then averaged horizontally over grids within a radius of 300, 400, or 500 km from the TC center. Comparisons between the averaged wind in each layer and TC migration revealed the mid-level wind flow in association with the maximum wind speed of a TC, the samples are stratified into four classes with reference to MSW (Fig.  2b) . It is found that the fraction of TCs that head in the northeast direction (relative to the direction of the steering flow) increases as the MSW becomes stronger. This is similar to the results of the LR stratification, although no significant changes associated with the MSW are found for other directions.
Based on β-drift theory, we expected larger LRs or more intense MSWs to accentuate the northwestward drift of a TC. However, the results shown here do not support this hypothesis. The Coriolis parameter varies with latitude; it is larger at higher latitudes, while the meridional gradient of the Coriolis parameter is larger at lower latitudes. Moreover, the vertical shear of the zonal wind (or baroclinicity) is much stronger in the mid-latitude than in the lower latitude. Accordingly, the inclusion of all TCs under such different environmental conditions would be inappropriate in the present analysis. Therefore, TCs in the tropics, subtropics, and mid-latitudes are separately stratified based on latitude thresholds of 20°N and 30°N (Figs. 3 and 4) .
In the lower latitude zone (0°N−20°N) , the fraction of TCs that head in the northwest direction is remarkable for all classes (Fig. 3) . Moreover, it is found that TCs with larger LRs are found to be more likely to move to the northwest relative to the direction of the steering flow, and migration in other directions is inhibited for larger LRs (Fig. 3a) . On the other hand, TCs in the subtropical zone (20°N−30°N) shows enhancement of northeastward migration and inhibition of southeastward or southwestward movement for larger LRs, which corresponds to Fig. 2a (Fig. 4a) . Similar features are also confirmed when TCs are stratified with reference to the MSW (Figs. 3b and 4b ). In conclusion, the bias of northeastward migration is clearer for TCs in the subtropical zone.
The meridional gradients of the Coriolis parameter indicate that advection of planetary vorticity is more effective in lower latitudes. Therefore, the enhancement of northwestward migration of TCs with larger LRs in the lower latitudes does not contradict β-drift theory, although the northwestward migration bias in lower latitudes is not recognized in the MSW stratification. However, the bias of northeastward migration in the subtropical zone cannot be explained by β-drift theory based on a barotropic model framework.
If a TC were regarded as a point vortex embedded in a larger-scale flow, it would be advected by the large-scale flow at the vortex center. However, the dynamical interaction between a TC and the environmental flow causes vorticity perturbations around the TC, and the modified flow then advects the vortex associated with the TC. In the dynamical interaction between a TC and environmental flow, the distortion (asymmetry) of the vorticity is regarded as one of the critical behavioral characteristics (e.g., Franklin et al. 1996) . Therefore, here, TCs are further classified as symmetric or asymmetric based on the orientation of the LR (symmetricity) included in the best track datasets (Figs. 5 and 6 ). In terms of the bias of the northeastward migration, however, no distinct differences are found between the TCs in these two classifications. Therefore, we speculate that mechanisms other than a purely dynamical interaction are important to the preference of northeastward migration.
The steering flow, as defined in the present analysis, includes many types of wind perturbation around the TC as well as the β-gyre, and it cannot be considered a pure background flow. However, there is no commonly accepted method to decompose the total flow into the components of background flow, circulation of a TC, and interaction between a TC and environment flow. Following the method of the previous work (Yamaguchi and Majumdar 2010) , therefore, the total wind is separated into the background flow and the residual, and the relationship between the background flow and TC migration is examined (Fig.7) . Although components with wavelengths of less than about 12° latitude-longitude are filtered from the total wind field, the bias of the northeastward migration of TCs with larger LRs or more intense MSWs is found to be robust.
Discussion
It is generally difficult to estimate exactly the LR and MSW of a TC (Landsea and Franklin 2013) , and we cannot deny the possibility that the low quality of the best track data could have seriously affected the results of the present study. Bogus typhoon data are embedded into a first guess field of JRA-25/JCDAS (Onogi et al. 2007) , and such artificial method might lead to the preference for northeastward migration of the TC, although TCs and environmental flow are better reproduced than in other reanalysis datasets (Hatsushika et al. 2006) . Moreover, each TC has its own horizontal scale, the extension of which changes during its lifetime. Therefore, it could also be possible that the assumption of a constant radius, employed for the steering flow calculation (i.e., 300, 400, and 500 km), is too simplified. Nevertheless, the systematic tendencies of northeastward migration found in the LR and MSW stratifications motivate us to discuss some candidate mechanisms.
Precipitation distributions are not uniform around TCs and they display asymmetricity. Lonfat et al. (2004) found that the location of the area of maximum rainfall shifts from the frontleft quadrant of a TC to the front-right quadrant (i.e., from the northwestern side to the northeastern side) in stronger systems. Therefore, it is possible that the stretching effect associated with precipitation (latent heat release) is more pronounced on the northeastern side of a TC, and that enhancement of the vorticity there counteracts the β-drift.
Using a non-hydrostatic mesoscale model, Katsube and Inatsu (2016) investigated the response of TC tracks to artificially warmed SSTs. In their simulations, those TCs intensified more significantly by the warmer SSTs tended to move to the northeast relative to the direction of TCs under unaltered conditions. Based on the stationary linear response to diabatic heating, it is speculated that enhanced heating of a TC could excite the anomalous steering flow, causing the TC to be advected to the northeast ("TC intensity-track feedback"). Duc et al. (2015) conducted simulations of Myanmar TC Nargis using a JMA non-hydrostatic model. They found that when the initial vortex was made stronger, the forecasted track tended to shift northward. Our results are partly consistent with their simulations, and diabatic heating and its dynamical response might be essential to the migration bias found in the present study. Further investigations will be required to understand the link between their simulations and our findings.
Summary
The relationship between the motion of TCs and ambient flow was examined in association with the LR and MSW of the TC. TC motion, MSW, and LR were derived from the best track datasets compiled by RSMC Tokyo -Typhoon Center. The environmental advecting flow was estimated from reanalyzed wind data (JRA25/ JCDAS). First, the horizontal winds were averaged between 1000 to 300 hPa, and then normalized by the mass between these two levels. Second, the mass-weighted mean wind was averaged further over areas within a radius of 300, 400, and 500 km from the TC center.
The results of the present study revealed that TCs with larger LRs are more likely to move to the northeast relative to the direction of the steering flow. A similar bias was also confirmed when the TCs were stratified based on MSW. Furthermore, the bias of northeastward migration of TCs with larger LRs or more intense MSWs was found to be robust when components with wavelengths of less than about 12° latitude-longitude were filtered from the total environmental wind field. It was found that northeastward migration was more prominent when only TCs in the subtropical zone (20°N−30°N) were sampled. In the present analysis, MSW and LR were considered proxies of the maximum wind speed and size of the TC, respectively. It is recognized that these assumptions might be inadequate. Nevertheless, there are no hypotheses to explain the systematic tendencies for the northeastward migration displayed by TCs in the LR or MSW stratification and further study will be required.
